The stable, Precambrian East European Platform adjoins the younger, tectonically active regions of central and western Europe along a distinct crustal boundary, the Tornquist-Teisseyre Zone (TTZ). Seismic body-and surface-wave studies indicate that there may be a significant change in S-wave velocity at the top of the mantle in the region of the TTZ, with higher velocities under the East European Platform. To confirm these results we use a genetic algorithm (GA) to invert fundamental Rayleigh groupvelocity estimates for wave paths across western and central Europe and across the East European Platform to determine 'average' layered S-velocity models separately for each region. The use of the GA method allows identical model parametrizations and broad parameter search ranges to be used for both regions so that a relatively unbiased estimate of the difference in structure can be obtained.
INTRODUCTION
In western Eurasia there is a striking juxtaposition of stable, Precambrian continental crust, the East European Platform, against the younger, tectonically active continental and oceanic regions of central and western Europe and the western Mediterranean, referred to here as tectonic Europe. The East European Platform (EEP) adjoins tectonic Europe (TE) along or near the NW-SE-trending Tornquist-Teisseyre zone (TTZ, Fig. 1 ) and nearby structures such as the Sorgenfrei-Tornquist Zone, the Trans-European Fault and the eastern margin of the Carpathian Mountains (Blundell, Freeman & Mueller 1992) . The TTZ is a zone of tectonic disruption whose surface expression falls along a relatively narrow zone of about 100 km or less; geophysical studies indicate that it involves the whole thickness of the crust, separating 25-35 km thick crust under TE from 40-55 km thick crust under the EEP (Guterch et at. 1986; Meissner 1986; Blundell et al. 1992) . However, the existence of and character of a change in upper mantle structure across the TTZ are more difficult to determine.
The results of Zhang & Tanimoto (1993) for high-resolution global inversion for lateral variation in S velocity show a region of anomalously high velocity under the Baltic Shield and EEP in depth sections at both 110 and 210 km. This highvelocity region is bounded to the south-west by a relatively sharp transition along a line roughly coincident with the TTZ the maximum contrast across this boundary is about 4 per cent. Regional S body-and surface-wave studies indicate a contrast of up to 10 per cent in S-wave velocity at the t o p of the mantle in the region of the TTZ, with higher velocities under the EEP (Snieder 1988; Zielhuis & Nolet 1994) . P bodywave studies also indicate increased P-wave velocity under the EEP (Hurtig, Grass1 & Oesburg 1979; Spakman, van der Lee & van der Hilst 1993) .
In particular, the 'partitioned waveform' S-velocity inversion of Zielhuis & Nolet (1994) at 80 km depth and a P-velocity tomographic inversion of Spakman et al. (1993) at 145km depth both show a change in velocity along a zone nearly coincident with the surface expression of the TTZ. However, in both of these studies, the spatial coverage of the observations is poor to the north-east of the TTZ, so it is not clear if the velocity change near the TTZ continues to the north-east and how this velocity change is related to the larger-scale velocity 'structure for the EEP.
In this paper, we begin with the hypothesis that there may be some regional change in 'average' uppermost mantle S velocity across the TTZ, as indicated by the earlier studies. We use a genetic algorithm (Lomax & Snieder 1994 ) to determine two sets of layered, S-velocity models which produce fundamental-mode Rayleigh group-velocity dispersion curves which most closely match the group-velocity data for wave paths on each side of the TTZ. The observations are digital seismograms from NARS and GDSN stations in northern Europe from events located primarily to the south-east of Europe and recorded at distances of about 10"-30" (Fig. 1) . Our purpose is to confirm the earlier results with extension of the study region further to the north-east, and to exploit the potential of genetic algorithms to constrain the extent to which the average velocity models differ.
GENETIC ALGORITHM INVERSION OF GROUP-VELOCITY DISPERSION
We choose a genetic algorithm (GA) to invert the groupdispersion data because it allows a fully non-linear search of a large solution space and because it produces a set of acceptable solutions ( Keilis-Borok & Yanovskaya 1967; Lomax & Snieder 1994) which give a useful and direct presentation of the uncertainty and trade-offs in the results. The GA method (Goldberg 1989; Holland 1992 Frazer 1994) . The GA method is a guided search which operates with populations of trial solutions to construct succeeding populations, or generations, in which on average there will be solutions with lower 'misfit'. This misfit is found by applying the forward method to a trial solution to produce predicted data and then performing some comparison with the real data In the GA employed here, a trial solution consists of a set of m parameters. Each parameter is specified by n bits, giving 2" possible values for the parameter. Different parameters may be specified by a different number of bits. Within the GA, a solytion is represented by a bit string constructed from some binary representation of all m parameters. If there are N total bits in a bit string, then there will be 2N possible solutions for the discretized problem. The GA itself operates only with the binary bit strings and associated misfit values; the physical meanings and values of the parameters are used outside the GA in a separate routine which applies the forward method and calculates the misfit.
Beginning with a random initial population of solutions and corresponding misfits, succeeding populations are created by ( 1 ) selection: saving those solutions with smaller misfit; ( 2 ) crossouer: combining parts of two solutions to form new trial solutions; and (3) mutation: changing the values of the parameters of a solution.
All three of these operations are controlled stochastically. New populations are created for a fixed number of generations or until some misfit reduction criterion is reached. The GA search produces a large set of solutions which give an estimate of the misfit surface in the model space.
Many interesting inverse problems in geophysics are nonlinear and poorly constrained. Such problems may have multiple, broad or topologically complex regions of minimum misfit in the solution space. Our experience and other work (e.g. Many GA applications converge to a single, local minimum because they are configured for rapid convergence with the goal of finding an 'optimum' solution. Here, the GA is configured to attempt to find sets of acceptable solutions; solutions representing all regions of the model space that give a misfit with the data below some level ( Fig. 2 ( 1 ) The rates of crossover and mutation are set relatively low so that many solutions pass unchanged to the next generations (crossover rate = 0.2, mutation rate =0.2).
(2) The mutation rate controls the proportion of strings that are mutated, and, when a string is mutated, a single bit in every parameter is changed (so the effective mutation rate comparable to the values given in, for example, Sambridge & Drijkoningen (1992) is 0.025).
(3) The best solution of each generation is never explicitly carried over to the next generation (no elitism; see Goldberg 1989).
In addition, we define a minimum misfit 'cut-off' value and reset lower misfits to this value; this helps to prevent the stalling of the GA in deep minima that are much lower than the acceptable level (Fig. 2) . This cut-off makes the GA more of a stochastic search and less of an optimization method for regions of the solution space with misfit below the minimum value. Based on preliminary comparisons, these adjustments tend to produce a smaller but more diverse and reproducible set of acceptable models relative to a GA configured for rapid convergence. Similar effects on the behaviour of the GA might be obtained with other adjustments to the algorithm such as sharing (Goldberg & Richardson 1987; Goldberg 1989) ; and further work on the construction of GAS in the geophysical context is justified.
OB SERVATI 0 N S
The observations for this study are digital seismograms from large earthquakes located primarily to the south-east of Europe and recorded at distances of about 10"-30" at NARS and GDSN stations in northern Europe ( Fig. 1; Table 1 ). The seismograms were selected based on the location of the path between the source and receiver and on the signal-to-noise ratio of the surface waves. In general, large (M,> 5.5), shallow events with a useful signal at above 100 s period are required to obtain resolution of the upper mantle with fundamentalmode surface waves. Unfortunately, because of the relatively short epicentral distances and the limitations of older digital recordings, many potentially useful seismograms were rejected due to clipping and other problems.
The event-stations paths obtained for the EEP give coverage of this region from just east of the TTZ to a distance of about 1500 km east of the boundary (Fig. 1) . The ends of these paths extend into the Baltic Shield to the north, and into the Arabian-Eurasian collision zone to the south, but the greater part of all these paths lies within the EEP. The path coverage for TE is not so ideal. These paths cross diverse tectonic regions including the western Mediterranean, the Alps, the Rhine Graben and the Pannonian Basin. Also the average path length in TE is less than for the EEP, which leads to poorer group-velocity estimates at longer periods.
G R O U P -VELO CITY E S TIM AT10 N
Group dispersion for the fundamental Rayleigh mode is estimated from the observed waveforms using multiple-filter analysis (MFA) (Dziewonski, Bloch & Landisman 1969) . The MFA procedure is applied to the observed seismograms after the instrument response has been removed, creating a set of envelopes of narrow-band seismograms. The data used for the GA inversion consist of group-velocity values at the peaks of the envelopes of the narrow-band seismograms at each period (Fig. 3 ). Only strong peak values which show reasonable group velocities for the fundamental Rayleigh mode are selected. We do not fit smooth dispersion curves through these data points because, first, the inversion includes a curve fit to the data, and, secondly, because the scattered data values give a frequency-dependent weighting to the inversion.
Following the procedure outlined above, fundamental Rayleigh group-velocity dispersion estimates within the period range of 7-300s are obtained from vertical-and radialcomponent seismograms for the paths in both regions (Fig. 4) .
When divided by region, the group-velocity dispersion estimates form two groups which, despite their overlap and scatter, have distinctly different characters (Figs 3 and 4) . Relative to the EEP data, the TE data show generally higher group velocities in the range of 18-4Os, and lower velocities at periods greater than 50s. Between about 50s and 120s the EEP data show an increase in group velocity with increasing period, while the TE data show constant or decreasing velocity in the same period range. The grouping of the data indicates that their inversion may resolve significant differences in 'average' crustal and upper mantle structure between the East European Platform and tectonic Europe.
An exception to this grouping is found for N-S paths from an event in Greece (event 1992 November 18) to NARS stations in and around the Netherlands and for an E-W path from Rumania (event 1986 August 30) to station SSB in southern France (short dashed lines in Fig. 1 ). For these paths, the group velocities for the fundamental-mode Rayleigh at periods representing the crust-mantle transition region (about 20-50 s) are about 0.25 km s-' lower than those found for the other TE paths and more closely match the EEP dispersion data. The anomalous group dispersion found for these paths may be due to a number of factors, including variations in crustal thickness or multipath interference due to lateral variations in structure. In the 3-D inversions of Zielhuis & Nolet (1994) and Spakman et al. (1993) , relatively strong lateral variations in velocity are found for the region north of Greece, and Zielhuis & Nolet (1994) obtain relatively poor fits to the Rayleigh wave data from paths passing through this region. Both anomalous paths pass near the Alps where the crustal and Moho structures may be highly complex, including the deepest Moho depths under TE (up to 60 km) and possibly step offsets in Moho depth of about 10 km, stacking of crustal sections and detachment of lower crust into the mantle (Meissner 1986; Blundell et al. 1992) . Since the other TE paths, which include continental regions adjacent to the TTZ, and to the east, north and west of the Alps, as well as a portion of the western Mediterranean, all have higher group velocities at crust-mantle transition periods, they are taken here as representative for TE. The anomalous Greece-Netherlands and Rumania-France data are excluded from this inversion; they should be re-examined later in a work that includes smallerscale lateral velocity variations. The dispersion estimates for these paths at longer periods representing the mantle response are similar to those from other TE paths; consequently, the determination of an 'average' upper mantle structure for TE would not be affected strongly by the anomalous dispersion data.
MODEL PARAMETRIZATION
The GA technique, because it operates only with the binary solutions strings and their misfit values, places no restrictions on the physical aspects of the model parametrization. Any model parametrization that is compatible with the forward method can be used in the inversion. Since the GA technique can efficiently search a very large model space, the model characteristics can be liberally defined, with few assumptions and restrictions. This procedure will in general lead to a large number of solutions, but additional processing, constraints or assumptions can be used after inversion to limit the solution set further, if necessary. In this study the same model parametrization and parameter search range are used for the inversion of the data from each side of the TTZ to allow a relatively unbiased comparison of the results from each region. This model is defined by four 'crustal' and 14 'mantle' S-velocity-depth nodes and a variable crustal thickness of between 15 and 70 km (Fig. 5) . The crustal nodes are located at the surface, at 1 km depth, half-way between 1 km and the base of the crust, and at the base of the crust. The mantle nodes are spaced from the base of the crust to the bottom of the model at 2371 km depth. The spacing between mantle nodes increases approximately in proportion to the depth of the nodes; the distance between the top two mantle nodes is set to 0.35 times the crustal thickness. The location of the deepest crustal node and the shallowest mantle node at the same depth allows a step discontinuity (Moho) between the crust and mantle. The S velocity at each node can vary within the limits of approximately 1 km s-l (about 20 per cent) of the S velocity from the iasp91 model (Kennett & Engdahl 1991) at the corresponding depth. The P velocity is determined from the S velocity using a Poisson's ratio of 0.25; the density profile is fixed for the crust and mantle and corresponds approximately to the values given in iasp91. The Moho-depth and S-velocity parameters are discretized with a very small step size, giving an effectively continuous variation between the limiting values. This parametrization gives about lo4' possible models, though the number of significantly different models is of the order of 10" to 10". (For comparison, in a similar study using phase-velocity dispersion, Calcagnile & Panza (1978) employ a grid-search technique in a model space of about 2 x lo4 crust/mantle models.)
A centrally weighted, five-point smoothing-over velocity is . nodal model extends to 2371 km depth. The two nodes MI and Mz at the same depth form a 'Moho' discontinuity which divides the nodal model into 'crust' and 'mantle' sections; the depth of these two nodes is a parameter of the inversion. The search limits show the extremal velocity values of the nodes from 1000 randomly generated models; the absolute search limits are broader than these approximate limits.
applied separately to the crust and mantle sections of the node model to suppress node-to-node oscillation of the solution. In addition, this smoothing suppresses steep velocity gradients at the top of the mantle, so that the step discontinuity allowed between the crustal and mantle nodes will form the principal boundary between the crust and mantle. The selection of this smoothing, like other forms of regularization, is somewhat subjective, and presents the risk of excluding some physically reasonable and scientifically illuminating solutions. The smoothed nodal model is used to calculate synthetic dispersion curves by solving the eigenvalue problem for Rayleigh waves as described by Takeuchi & Saito (1972) with corrections for a spherical earth. A random starting population of models for the GA search is shown in Fig. 6 .
D E F I N I T I O N OF A C C E P T A B L E MODELS
In this work, acceptable models are defined as those models giving predicted group-velocity values with an rms misfit in group velocity less than 0.85Ed, where E d is the rms of the differences in group velocity between each of the data values and all the other data values at each period. This definition of acceptance level is chosen so that the scatter of acceptable dispersion curves falls within the average scatter of the data. The minimum misfit cut-off level for the GA inversion is set to 0.75Ed so that an adequate number of acceptable solutions is obtained.
T E S T W I T H N O I S Y S Y N T H E T I C D A T A
To check the accuracy of the group-velocity estimation and the GA inversion for a laterally homogeneous model, we apply the complete inversion process to a synthetic seismogram. First, we generate vertical-component, long-period seismograms for the fundamental Rayleigh mode from a shallow, double-couple source recorded at a distance of 30" in the layered earth model iasp91 (Kennett & Engdahl 1991) . Next, we find the group-velocity dispersion estimates for the fundamental mode using the MFA procedure as described above. Then, we add realistic noise to these group-velocity estimates by taking the scattered EEP group-velocity estimates at each period and shifting them so that their mean value matches the MFA estimate for the isap91 synthetic seismogram. This results in a new, noisy group-velocity data set with the same number of data points and scatter at each period as the EEP data, but with a mean velocity at each period corresponding to the MFA estimates for the synthetic seismogram from the iasp91 model. We then invert the noisy data set using the model parametrization and GA procedure described above, with the expectation that the iasp91 S-velocity distribution will be contained within the scatter of acceptable models. Note that this test does not use exact parametrization-the input iasp91 model cannot be represented exactly by the nodal models used for inversion. The results of the GA inversion of the synthetic seismograms are shown in Fig. 7 . The distribution of acceptable models and corresponding dispersion curves shows the mapping of uncertainty between the data space and the model space. (Recall that acceptable models are defined as those models giving predicted group-velocity values with an rms misfit in group velocity less than 0.85Ed.) constrained by the inversion. This lack of constraint has several causes. First, the lack of group-velocity data at periods less than about 10s and greater than about 300s leads to the fanning of solutions at the top and bottom of the model; below about 550 km the scatter of acceptable solutions is nearly as broad as the scatter of all models tested, indicating that the data impose almost no constraint in this region. Secondly, the physics of the forward problem smooths and obscures information about the model. This process results in the scatter in models at the top of the mantle, which reflects the physical limitations in resolving a first-order discontinuity with fundamental-mode dispersion data alone. A third cause of scatter in the models is the scatter in the data. This effect is present at all depths in the model and at all periods in the data and is difficult to distinguish from the other causes of scatter mentioned above.
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GA inversion results for synthetic iasp91 data
In the depth range from the surface to about 350 km, the set of acceptable solutions brackets the iasp91 S-velocity model. The scatter of acceptable solutions in this depth range is typically within kO.25 km s-', except for just above and just below the Moho discontinuity. Fig. 8 shows the acceptable models and their & la and _f2a spread in velocity at each depth from three GA runs with the synthetic data. Allowing for differences in parametrization in the crust and at the '4OO'km discontinuity between the iasp91 model and the nodal models used for inversion, and the noise added to the data, the f la spread of acceptable models shows excellent recovery of the original iasp91 model. These results show that the processing steps and inversion method used in this work produce an unbiased estimate of the input velocity model, and they indicate the degree of scatter and uncertainty of acceptable models to be expected in the inversion of the actual data. However, the observed EEP and TE seismograms most likely do not represent wave propagation through a simple, layered earth; this synthetic test does not indicate the uncertainties or biases that may be contained in 'average' models that are produced in the inversion of real data from a laterally varying structure. Fig. 9 shows the results from the GA applied to the EEP data. The distribution of acceptable models (solid lines) and corresponding dispersion curves shows the mapping of uncertainty between the data space and the model space. As above, acceptable models are defined as those models giving predicted group-velocity values with an rms misfit in group velocity less than 0.85Ed.
INVERSION RESULTS FOR TECTONIC EUROPE A N D THE EAST EUROPEAN PLATFORM
The acceptable models define a Moho discontinuity at around 35-40km depth. As with the noisy synthetic data discussed above, the scatter of acceptable models is lowest from just below the Moho to about 350km depth. This indicates the depth range where the velocity is best constrained by the dispersion data; the scatter in the acceptable models in this depth range is about 50.25kms-'. Below about 350 km the models begin to fan out and span the range of all models tested. This increase in scatter shows the loss of constraint on the solutions at depth due to the lack of dispersion data at greater than about 300s period. The variation with depth in the scatter of these models is similar ) and the approximate search limits, and (b) the f 10 spread (closely spaced solid lines) and the +20 spread (outer solid lines) in S velocity at each depth for the acceptable models and the +20 spread of the search. The search limits show the extremal velocity values at each depth of 1000 randomly generated models; the +20 spread of the search is calculated from the same set of random models. to that for the synthetic data because both data sets have a similar distribution of noise. The scattered EEP solutions also bracket the iasp91 model at most depths. This result indicates that the 'average' crustal and upper mantle S-velocity structure under the EEP is not distinguishable from the iasp91 model, given the data and inversion method presented here. Also, a low-velocity zone in the upper mantle is not required to fit the data. Fig. 10 shows the results from the GA applied to the TE data. The acceptable models show a Moho discontinuity at about 25-30 km depth and a well-defined upper mantle structure to a depth of about 150km which consists of a highvelocity 'lid' above a low-velocity zone. The scatter in the acceptable models in this depth range is about f0.35 km s-'. Below about 150 km the scatter in acceptable models increases; it spans the range of models tested below about 250 km depth, indicating a lack of constraint on the solutions. Because of this lack of constraint, the depth extent of the low-velocity zone under TE cannot be determined with these results. The scattered TE solutions show that, on 'average', the crust under TE is thinner and the upper mantle S velocities are lower than in the iasp91 model. Fig. 11 shows a comparison of the acceptable models obtained with the GA for both TE and the EEP paths. This comparison indicates that a change in crustal thickness and in upper mantle S velocity across the TTZ are the main features required to explain the differences between the dispersion curves for the two regions. The spreads in crustal thickness for TE and the EEP are about 25-30 km and 35-40 km, respectively, which are in very good agreement with average Moho depths inferred previously for the two regions (Guterch et al. 1986; Meissner 1986 ). The velocity structures in the upper mantle are well constrained in both regions down to a depth of about 150km and show about 7 per cent higher average Swave velocities under the EEP than under TE in the upper 100 km of the mantle. The scatter in the acceptable models in this depth range gives a 20 uncertainty in the velocity estimates of about +0.2 km s-' for the EEP and about f0.25 km sK1 for TE. (It should be recalled that this uncertainty corresponds to an acceptance level chosen so that the scatter of the calculated dispersion curves falls within the scatter of the data values.) Because the TE results are not well constrained below about 150 km, the apparent higher velocities obtained for TE than for the EEP below about 200km cannot be taken with confidence.
GA inversion results for EEP data
The acceptable models for the EEP have more diversity in structure near the Moho than do the TE models. Some EEP models have a strong, deeper Moho discontinuity and a distinct, thin, high-velocity lid, while other models have a weaker Moho discontinuity at shallower depth and a thicker high-velocity lid (Fig. 12) . These trade-offs between Moho depth, strength of Moho contrast, lid velocity and lid thickness indicate the inability of the dispersion data to define uniquely the Moho and uppermost mantle below the EEP. The liberal parametrization and large number of solutions produced with the GA inversion give a clear illustration of possible structures near the Moho and their trade-offs; a different inversion method which required, for example, a fixed crustal structure and Moho depth would probably define only one of these structures and none of the trade-offs. The upper 85 km of results from three GA runs for the EEP showing (a) all acceptable models (misfit s0.85Ed) and the approximate search limits, and (b) the + l a spread (closely spaced solid lines) and the k2a spread (outer solid lines) in S velocity at each depth for the acceptable models. The search limits show the extremal velocity values at each depth of 1000 randomly generated models; the +2a spread of the search is calculated from the same set of random models.
GA inversion results for TE data
COMPARISON WITH C A N A D I A N SHIELD A N D PACIFIC OCEAN STRUCTURES
To place the S-velocity models that we have obtained for TE and the EEP in a global context, we compare them with GA inversions of dispersion data from paths across the Canadian Shield and across the Pacific Ocean. We invert a small number of paths from each of these regions using the same techniques and nearly the same parametrization for group-velocity estimation and GA inversion as used for TE and the EEP. The only important difference is in the parametrization of the crust for the Pacific Ocean inversion, where we use a Moho depth range of 1-20km instead of 15-70km to allow for a thin oceanic crust, and we allow liquid layers at the top of the model. Because these additional inversions use only a small portion of the potential data set from each region, the resulting models are used here only for a general comparison with the EEP and TE. Also, in the Pacific Ocean inversion we combine paths from regions with different ages of lithosphere; in a more complete study, data from these regions should be inverted separately. The scatter of models obtained here for the Canadian Shield and for the Pacific show S-velocity profiles which are compatible with the results obtained in previous surface-wave studies for these regions (e.g. Brune & Dorman 1963; Cara 1979 ). Fig. 13 shows the spread of acceptable models for the Canadian Shield inversion along with the results for the EEP. Within the scatter of the solutions defined at the la level, the mantle velocity profiles for the two regions are indistinguishable. The only significant difference is higher velocities in the crust for the Canadian Shield than for the EEP. This difference may be caused by widespread, low-velocity sedimentary cover on the EEP that is not found on the Canadian Shield; the mid-and lower-crustal S velocities may be similar in the two regions. The present inversion does not test for this possibility because a discontinuity within the crust is not allowed for in the model parametrization. Fig. 14 shows the spread of acceptable models from the Pacific Ocean paths, along with the TE results. As expected, the crustal portions of the Pacific Ocean path models are very different from the crust in the TE models. However, the mantle profile for TE is similar to that for the Pacific paths from about 50km to 150km depth, the greatest depth that is well constrained by the TE data.
These comparisons indicate that the upper mantle S-velocity structure under the EEP resembles that from a stable shield, while the adjacent TE region has upper mantle S velocities similar to that under young and intermediate-age oceans. These similarities are compatible with the general tectonic and geological character of the two regions: the EEP is characterized as a stable platform or shield with crystalline basement, while TE is tectonically active, with many young structural features (Meissner 1986 ). In a surface-wave group-velocity study of Eurasia, Feng & Teng (1983) note a similar relation between high and low upper mantle S velocities and stable and tectonically active regions, respectively.
DISCUSSION
Using a genetic algorithm to invert group dispersion estimates, we find a significant difference in 'average' upper mantle S velocity between TE and the EEP and we are able to give direct and useful indications of the uncertainty and trade-offs in the solutions.
We configure the GA to improve the global search characteristics of the method for application to under-determined problems with multiple and poorly defined best-fitting solutions. This configuration improves the stability of the inversion, so that similar sets of acceptable solutions are obtained when the inversion is run with different GA parameters and starting populations. This stability is obtained at the expense of slower convergence and sometimes poorer-fitting best solutions relative to a GA configured for rapid convergence to an 'optimum' solution. Also, the results still show some dependence on the GA parameters; more significant modifications to the GA, or perhaps some other search method, may be required to define adequately the acceptable misfit region of the solution space for many geophysical problems.
Two sets of dispersion curves from paths on each side of the TTZ were inverted with the GA to find layered, crust and upper mantle models. The scatter in the set of acceptable models and corresponding predicted dispersion curves shows how the physics of the problem maps scattered values between the data and solution spaces. The scatter in the models indicates the depth range where the solutions are best constrained and the uncertainty in the conclusion that the upper mantle S velocities vary across the TTZ. In addition, the smoothing and broad resolution in depth of surface-wave modes leads to velocity-depth trade-offs in the solutions which are well illustrated here by the scatter of solutions in the vicinity of the Moho.
The results obtained here are compatible with a contrast in upper mantle S velocity that occurs along or near the TTZ. However, the scatter in the group dispersion estimates and the averaging by the wavefield of material properties in some 'Fresnel volume' prevents an identification with this inversion of a sharp boundary between these two regions located at the TTZ. The greatest difference between the group-velocity estimates for the upper mantle in the two regions occurs at around 80s period; these group velocities centre on about 3.7 km s-', and a typical path length for the observed seismograms is 2000 km. The quarter-period, first Fresnel zone for waves of 80s period and velocity 3.7km s-l at the mid-point of a 2000 km path has a half-width of about 270 km. Consequently, the dispersion estimates are compatible with a location for an upper mantle boundary between the two regions within a few hundred kilometres of the TTZ, but it cannot be confirmed from this inversion that the resolved contrast in velocity occurs along a sharp boundary, or that this boundary is coincident with the TTZ.
The 'average' S-velocity estimates that we obtain for the EEP and TE around a depth of 80km closely match the typical values obtained by Zielhuis & Nolet (1994) to the east and west of the TTZ at 80km depth in their 'partitioned waveform' inversion for 3-D structure. However, it cannot be concluded that the two sets of results are completely in agreement, because of the differences in model parametrization in the two methods, the lack of coverage to the north-east of the TTZ in Zielhuis & Nolet (1994) , and the n priori regionalization across the TTZ used in both works (in the Zielhuis & Nolet study different reference models are used for paths on the two sides of the TTZ; it is not clear how the resolved contrast in S velocity across the TTZ is dependent on this a priori assumption).
A generalized inversion of surface-wave phase velocities for upper mantle structure in western Europe is presented by Dost (1990) . This study targets the structure under a linear network of stations to the west of our path coverage of TE, but it is interesting to note that Dost finds a high-velocity lid at 80-140km depth, while at the same depths we find a lowvelocity zone for TE; Dost finds a deeper low-velocity zone at 160-220km depth. This difference in upper mantle models may arise because the geographic region of the study of Dost (1990) is located to the west of our TE path coverage. However, it is also possible that discrepancies in the results reflect differences in the two data sets and inversion methods. There are differences in the model sensitivities and trade-offs of the different data sets (fundamental and higher mode phase velocities versus fundamental mode group velocities); the inversion techniques differ fundamentally (a linearized inversion to find perturbations to a starting model versus the GA search technique); and other factors, such as model parametrization and regularization, undoubtedly affect the results.
By applying the same processing and GA inversion method to data from other regions, we have shown the similarity in upper mantle S-velocity structure between TE and the eastern Pacific Ocean region, and between the EEP and the Canadian Shield. While the similarity between continental TE and an oceanic region is difficult to interpret, the results for the EEP and the Canadian Shield indicate that these two regions may be very similar in structure and genesis below the uppermost crust.
